INTRODUCTION
============

The highly condensed chromatin structure in the eukaryotic nucleus provides a formidable obstacle to prevent protein access to DNA. A fundamental question is how different regulatory elements co-operate to ensure that this chromatin packaging is disrupted only at specific loci in the appropriate cell type. One important group of players in this process is ATP-dependent nucleosome remodelling complexes. These complexes increase the accessibility of proteins to nucleosomal DNA by one of the several mechanisms: Sliding the histone octamer along the DNA template, localized disruption of histone/DNA contacts or *trans*-displacement of the histone octamer ([@B1],[@B2]). Since these complexes function in an energy-dependent manner and play important roles in controlling the accessibility of DNA sequences, their activity needs to be tightly regulated.

During gene activation, remodelling complexes can be targeted to promoters via their association with transcriptional activators. For example, SWI/SNF is known to associate with acidic activators, such as Swi5, Gcn4 and Hap4 ([@B3],[@B4]). A second potential means of targeting remodelling complexes is via interaction between specific domains, found in some subunits of remodelling complexes, and modified histone tails. For example, between bromodomains and acetylated histone tails as well as between PHD fingers and histone H3 trimethylated at lysine 4 ([@B5]). Indeed, the bromodomain in the Swi2/Snf2 subunit of SWI/SNF complex stabilizes the binding of this complex to an acetylated promoter nucleosome ([@B6],[@B7]). Similarly, the interaction of the double bromodomain of Rsc4 with acetylated H3 Lys14 is essential for gene activation by the RSC complex ([@B8]) and the WSTF bromodomain helps to target the remodelling complex WINAC to vitamin D receptor-regulated promoters ([@B9]).

Although this suggests how remodelling complexes can be targeted to specific promoters, these are not necessarily the only mechanisms of targeting. For example, it has been well established that acetylation of histone tails results in a less-condensed higher order chromatin structure via sedimentation velocity and electron microscopy studies as well as by using DNase I as a probe for accessibility ([@B10; @B11; @B12]) and it was shown recently that acetylation at histone H4 K16 alone is sufficient to prevent chromatin folding into 30 nm fibres ([@B13]). Consequently, the more open structure of acetylated chromatin domains might be a further mechanism to target nucleosome remodelling complexes.

One situation where the more open structure of acetylated chromatin might be important in targeting nucleosome remodelling complexes is during V(D)J recombination: Here the generation of antigen receptor diversity relies on the stochastic use of different gene segments within the immunoglobulin or T-cell receptor loci ([@B14]) and thus chromatin needs to be remodelled at any one of the numerous points within the locus rather than at one specific promoter region. V(D)J recombination is initiated by only two proteins, RAG1 and RAG2, that introduce double-strand breaks at conserved recombination signal sequences (RSS) ([@B15]). Nucleosomes are known to inhibit the initiation of recombination by preventing RAG1 and RAG2 from binding to RSSs ([@B16; @B17; @B18]). Since nucleosomes are preferentially positioned over RSSs ([@B19]), they must be remodelled for initiation of recombination. The SWI/SNF remodelling complex has been shown to facilitate RAG cutting on mono-nucleosomes *in vitro* ([@B20]) as have BRG1 and SNF2h, the catalytic subunits of the hSWI/SNF and ISWI complexes, respectively ([@B21]). However, these remodelling complexes are present and active in most cell types and thus regulation of their targeting would seem important so that nucleosomes at RSSs are remodelled only in the correct cell- and locus-specific manner.

Increased histone acetylation has been correlated with loci undergoing recombination ([@B22; @B23; @B24; @B25]). Furthermore, although histone acetylation stimulates recombination *in vivo* ([@B18]), we, and others, found that it does not facilitate RAG cutting on mono-nucleosomes *in vitro* ([@B16],[@B18]). Instead, we proposed that the more open structure associated with arrays of acetylated nucleosomes *in vivo* ([@B10; @B11; @B12]) might either directly increase accessibility to RAG proteins or might increase accessibility to elements that indirectly increase RAG cutting.

Here, we have investigated mechanistically how histone acetylation increases RAG cutting: Using arrays of acetylated and non-acetylated nucleosomes *in vitro*, we find that acetylation increases the accessibility to remodelling activities, which thus enhances their ability to mobilize nucleosomes. No effect of acetylation on remodelling activity was detected when mono-nucleosomes were used as the substrate. From these studies we suggest that one way in which histone acetylation could enhance the initiation of V(D)J recombination *in vivo* is by helping to control the accessibility of nucleosome remodelling complexes to their substrates. We further suggest that similar locus-wide increases in histone acetylation might play a more general role in directing remodelling complex activity during gene activation.

MATERIALS AND METHODS
=====================

DNA constructs
--------------

pMAB1 has a restriction site for Xho I in the VκL8 RSS spacer ([@B19]). A 3.15 kb Eco RI fragment that encompasses both the 12- and 23-RSSs (that lie 200 bp apart in an inverted orientation) was taken from pMAB1 and ligated to give pMAB2; this plasmid was used for the chromatin reconstitution. Fragments for mono-nucleosome reconstitution were prepared from pFM210 and pMAB5 (which carry 12 bp spacer from VκL8 with one modification) as described ([@B19]).

Proteins and nucleosome assembly
--------------------------------

RAG1 (amino acids 384--1008) and RAG2 (amino acids 1--387) were purified as described ([@B19]). Full length RAG2 increases cutting on both free DNA and chromatin templates by the same amount compared to truncated RAG2 ([@B21]). This suggests that there are no chromatin-specific effects of the C-terminus in these *in vitro* assays and that the truncated form of RAG2 is a reasonable tool for these studies. The chromatin remodelling factors ACF, CHRAC and ISWI were purified according to ([@B26]). Recombinant HMGB1 (truncated form) was a generous gift from Dr Kevin Hiom. Histones were prepared from CV1 cells ([@B11]); chromatin assembly was performed as described ([@B27]) and was monitored by micrococcal nuclease digestion and supercoiling analysis ([@B11]). All experiments shown were confirmed using three different preparations of acetylated and non-acetylated histone preparations. In all cases, equivalent supercoiling and nucleosome spacing was confirmed prior to use in RAG cutting and accessibility assays. Mono-nucleosome assembly was by salt-urea dialysis ([@B18]); sliding assays were performed according to ([@B28]).

RAG cleavage assay
------------------

Assembled nucleosome arrays were either untreated or incubated with 0.075% sarkosyl followed by purification through a G25 spin column (Pharmacia). Although this can result in loss of the regular nucleosome repeat, we find that incubation of these stripped templates with ACF regenerates the regular repeat structure identically on acetylated and non-acetylated chromatin (Supplementary Figure 1). Furthermore, we find that RAG cutting on sarkosyl-stripped chromatin is very similar ([Figures 2](#F2){ref-type="fig"}, [4](#F4){ref-type="fig"}, [7](#F7){ref-type="fig"}B and Supplementary Figure 4) suggesting that the chromatin structure is not markedly different on acetylated and non-acetylated chromatin following sarkosyl stripping. Aliquots of 25 μl (equivalent to 100 ng DNA) were supplemented to a final concentration of 1 mM MnCl~2~, 1× McNAP (30 mM creatine phosphate, 3 mM ATP, 2.5 mM MgCl~2~, 1 mM DTT, 1 mM creatine phosphokinase) and incubated with RAG1 and RAG2 (∼50--200 ng of each protein) in the presence of 500 ng HMGB1 for 1 h at 30°C. Where indicated, ACF and ACF bromodomain mutant were added. The reaction was stopped with 50 μl stop mix (2.5% sarkosyl, 100 mM EDTA, pH 8.0) and incubated with 50 μg/ml RNase A for 30 min at 37°C followed by digestion with 0.02% SDS and 300 μg/ml proteinase K at 37°C overnight. DNA was extracted twice with phenol--chloroform and ethanol precipitated. Figure 1.Assembly of acetylated and non-acetylated chromatin. (**A**) Triton acid urea gel showing acetylated (Acet) and non-acetylated (Non-Acet) histones purified from CV1 cells. Numbers indicate the lysines modified. (**B**) Micrococcal nuclease ladders of the assembled non-acetylated (Non-Acet) and acetylated (Acet) arrays. The marker is a 123 bp ladder. (**C**) Supercoiling analysis of acetylated (Acet) and non-acetylated (Non-Acet) templates. The standards show supercoiling analysis of templates with known nucleosome densities. Figure 2.Increased RAG cutting on the acetylated nucleosome arrays. RAG cutting was performed on the acetylated (Acet) and non-acetylated (Non-Acet) nucleosome arrays either in the presence of *Drosophila* extract (Total) or following removal of proteins (Sarkosyl-stripped). Verification that the PCR reactions were in the semi-quantitative range (for each set of RAG cut templates) was achieved by confirming that the signal increased proportionately to the amount of input DNA (Supplementary Figure 2). The DNA content panel is a control PCR and shows that an equivalent amount of DNA was used per reaction. The stimulation in RAG cutting was normalized to the amount of DNA present. This stimulation of RAG cutting on the acetylated templates compares favourably with the acetylation-mediated increase in transcription (of ∼5-fold) reported previously with similarly reconstituted templates ([@B27]).

Restriction enzyme accessibility
--------------------------------

General accessibility to Pvu I: 150 μl aliquots (equivalent to 600 ng DNA) of chromatin assembly reactions were either left untreated, or incubated with 10 units of apyrase, or 15 mM AMP-PMP, and 15 mM MgCl~2~ for 30 min at 26°C. Prior to Pvu I cleavage all samples were supplemented with MgCl~2~ to 10 mM, and the control (untreated) samples were supplemented with ATP regenerating system (McNAP). The reactions were then digested with 75 units of Pvu I for 0, 5, 10, 15 and 30 min at 26°C, prior to addition of stop mix (2.5% sarkosyl, 100 mM EDTA). Recovered DNA was digested with Xho I and analysed on a 1% agarose gel by Southern blotting.

Ligation-mediated polymerase chain reaction (LMPCR)
---------------------------------------------------

This was performed as described ([@B29]). Primer 405-FM25 (5′-GCGGTGACTCGGGAGATCTGAAGTG-3′) was annealed to primer 406-FM11 (5′-CACTTCAGATC-3′) at a final concentration of 10 μM. A 10 pmol of the annealed linker FM25/11 was then ligated to the blunt-ended DNA fragments produced by RAG-cleavage with 200 units of T4 DNA ligase at 16°C overnight. For 12 bp-spacer RSS signal ends, ligation products were amplified by 16 cycles of PCR using linker-specific primer 405-FM25 plus the plasmid-specific primer 407-NEB1233 (5′-GCGGATAACAATTTCACACAGGA-3′). For 23 bp-spacer RSS signal ends, ligation products were amplified using linker-specific primer 405-FM25 plus the plasmid-specific primer 408-DR1 (5′-CAACGGTGGTATATCCAGTG-3′). PCR cycles were: 20 s at 95°C, 20 s at 60°C and 60 s at 72°C in a total volume of 25 μl. One microlitre of the LMPCR reaction was then used for a second PCR amplification (nested PCR) using primer 414-RSS/FM25-C (5′-ACTCGGGAGATCTGAAGTGCACAGT-3′) and primer 409-nested NEB1233 (5′-TTCACACAGGAAACAGCTATGACCATGATT-3′) for 12 bp-spacer RSS signal ends and primer 414-RSS/FM25-C and primer 410-nested DR1 (5′-CCAGTGATTTTTTTCTCCATTTTAGCTTCC-3′) for 23 bp-spacer RSS signal ends, respectively. Each cycle comprised 20 s at 95°C, 20 s at 63.5°C and 60 s at 72°C in a total volume of 25 μl; 20 cycles were performed. Samples were analysed on a 2% agarose gel by Southern blot analysis.

For a comparison of the DNA content, ligation products were amplified by 15 cycles of PCR using the plasmid-specific primer 421-F1 (5′-CATTTCCGTGTCGCCCTTATTCC-3′) plus the plasmid-specific primer 422-B15 (5′-CCATAGTTGCCTGACTCCCCGTC-3′). Each cycle comprised 20 s at 95°C, 20 s at 60°C and 60 s at 72°C in a total volume of 25 μl. Samples were analysed on a 2% agarose gel by Southern blot analysis. To verify that the PCR was in the quantitative range, the amount of DNA template was titrated and quantification using a phosphorimager verified that the amount of product increased proportionately to the input DNA.

Southern blotting and hybridization
-----------------------------------

PCR samples: Samples were run on a 2% agarose gel at 80 V for 1 h. Southern blotting was as described ([@B19]). The probes were primer 414-RSS/FM25-C for 12 bp-spacer and 23 bp-spacer RSS signal ends and primer 421-F1 for a non-RSS DNA fragments, respectively. Hybridization was at 45°C. Samples digested with Pvu I and Xho I were analysed as above except that 25 ng of each sample was run on a 1% agarose gel at 90 V for 2.5 h. The probes were pMAB2 for Pvu I/Xho I-digested samples, and a 359 bp Afl III-Hind III fragment from pMAB1 for Xho I/Alw NI-digested samples.

HMGB1 and remodelling complex binding assays
--------------------------------------------

Acetylated or non-acetylated histones were reconstituted onto a ^32^P-labelled 284 bp MAB5 fragment ([@B19]) by salt dialysis under conditions that gave a mixture of mono-nucleosomal and free DNA templates. These were incubated with increasing amounts of HMGB1 (6.67--667 ng) in 50 mM NaCl, 10 mM Tris pH 8, 0.1 mM EDTA 5% glycerol and were electrophoresed at 80 V on a 0.8% agarose gel in 0.5 × TBE. Complexes were detected by autoradiography. Nucleosome arrays were assembled on magnetic bead bound DNA using *Drosophila* embryo extract and acetylated or non-acetylated histones. Following assembly, the chromatin was washed with a high salt buffer (Ex-750; 10 mM Tris pH 8, 1.5 mM MgCl~2~, 0.5 mM EGTA, 0.75 M KCl, 10% glycerol) to remove the bulk of the chromatin-associated proteins. HMGB1 was then incubated with this chromatin at approximately stoichiometric amounts (500 ng HMGB1/1.2 μg DNA template) in Ex-50 (as above with 50 mM KCl) for 30 min. The chromatin was then washed with increasing amounts of salt (Ex-50, 100, 200, 300, 400) prior to electrophoresis on a 15% acrylamide gel. Proteins were detected by silver staining.

Binding of remodelling complexes to chromatin templates was performed using chromatin assembled on beads in the same way. Assembled chromatin was sarkosyl washed as described for RAG cutting experiments, followed by washing in Ex-100 to remove the sarkosyl. The chromatin-bound beads were then resuspended in Ex-100 buffer and McNAP and incubated with 2 μg of ACF complex containing wild-type ACF1 or ACF1 bromodomain mutant for 30 min at 30°C. Bound proteins were released by washes with increasing amounts of salt (Ex buffer with 650, 750, 850 and 950 mM KCl). Chromatin was electrophoresed on a 10% gel; the binding of wild-type and bromodomain mutant ACF1 was detected by western blotting with anti-FLAG (M2) antibody and ISWI was detected with anti-ISWI antibody ([@B26]).

RESULTS
=======

Acetylation stimulates RAG cutting
----------------------------------

We reported previously that histone acetylation stimulates V(D)J recombination *in vivo* but has no effect on RAG cutting on isolated mono-nucleosomes *in vitro* ([@B18]). Therefore, we firstly asked if acetylation enhances RAG cutting *in vitro* when arrays of nucleosomes are used as the chromatin template. We assembled plasmid DNA (pMAB2) carrying 12- and 23-spacer RSSs into highly acetylated or non-acetylated chromatin using *Drosophila* chromatin assembly extracts. These extracts were depleted of endogenous histones and subsequently 'reprogrammed' with non-acetylated or highly acetylated histones prepared from CV1 cells that had been either untreated or treated with the histone deacetylase inhibitor, trichostatin A ([Figure 1](#F1){ref-type="fig"}A). Assembly results in highly chromatinized templates that contain physiologically spaced nucleosomes and a full complement of chromatin-associated proteins ([@B27]). Accurate comparison of RAG cutting on the acetylated and non-acetylated chromatin templates requires that both types of chromatin template have equivalent nucleosome density and spacing: Micrococcal nuclease assays confirmed that the nucleosome spacing was equivalent (average of 180 bp; [Figure 1](#F1){ref-type="fig"}B). Furthermore, our previous studies using psoralen-crosslinking and electron microscopy found that plasmids assembled with acetylated and non-acetylated histones that have the same superhelical density also contain the same absolute number of nucleosomes ([@B27]). Supercoiling analysis demonstrated that the plasmids used here were equivalently chromatinized with an average of 17 nucleosomes per plasmid ([Figure 1](#F1){ref-type="fig"}C). Since the plasmid used is 3150 bp, this confirmed that the templates were fully assembled into chromatin. Before each experiment, we verified that the plasmids were equivalently assembled into acetylated and non-acetylated chromatin via these assays.

To investigate if histone acetylation stimulates RAG cutting on these chromatin templates, we initially performed RAG cutting reactions in the presence of total *Drosophila* extract. After purification of the DNA, RAG cutting was detected by ligation of a linker onto the blunt double-strand break followed by semi-quantitative LMPCR. As can be seen in [Figure 2](#F2){ref-type="fig"}, RAG cutting is enhanced on the acetylated template by between 3.5- and 10-fold compared to the non-acetylated chromatin; control experiments showed that in all cases a similar amount of total DNA was recovered (upper panel) and that the PCR was in the semi-quantitative range (Supplementary Figure 2).

If acetylation directly facilitates accessibility of RAGs to RSSs, we would predict a similar increase in RAG cutting after sarkosyl stripping the chromatin templates, an established method to remove most chromatin-associated proteins, including chromatin remodellers ([@B30]). If, however, acetylation increases RAG cutting via components in the extract, we would expect RAG cutting on sarkosyl-stripped acetylated and non-acetylated arrays to be equivalent. Using purified templates we find acetylation causes only a minimal increase in cutting, indicating that a component in the *Drosophila* extract is required to enhance cutting on the acetylated arrays ([Figure 2](#F2){ref-type="fig"}). Moreover, the inability of acetylation alone to enhance RAG cutting is fully consistent with earlier data that nucleosomes, which are known to inhibit RAG cutting ([@B16],[@B17]), are preferentially positioned at RSSs ([@B19]).

Remodelling complexes preferentially increase RAG cutting on acetylated chromatin
---------------------------------------------------------------------------------

We next investigated what might be the component in *Drosophila* extract that cooperates with acetylation to stimulate RAG cutting. Since *Drosophila* embryo extracts have an abundance of nucleosome remodelling complexes, and since nucleosomes at RSSs must be remodelled to initiate recombination ([@B16; @B17; @B18]), good candidates to enhance RAG cutting are nucleosome remodelling complexes. Previously, we found that the nucleosome remodelling complex, NURF, is unable to mobilize nucleosomes off the favoured nucleosome position conferred by RSSs ([@B19]). However, other studies have shown that another remodelling complex found in *Drosophila* extracts, ACF, does not always mobilize nucleosomes to their most thermally stable position ([@B31]). We therefore tested if this, and other, nucleosome remodelling complexes are capable of mobilizing nucleosomes off the energetically favoured RSSs. As can be seen in [Figure 3](#F3){ref-type="fig"}, ACF, as well as its catalytic subunit, ISWI, can indeed cause nucleosome mobilization off RSSs. The direction of this mobilization depends on the activity of the specific remodelling complex ([@B28]). Figure 3.Remodelling complexes mobilize nucleosomes off RSSs. A sliding assay on mono-nucleosomes reconstituted onto fragments carrying a 12-RSS using recombinant ACF and ISWI is shown. FM210 has a nucleosome positioned over the RSS in the middle of the fragment whereas MAB5 has a nucleosome positioned over the RSS at the left end of the fragment. Preferential sliding of nucleosomes by ACF from the end of the DNA fragment to the middle and vice versa for the purified catalytic subunit, ISWI, has been demonstrated previously ([@B54]). Similar mobilization from the end position to the middle position was also observed using CHRAC, a second ISWI-containing remodelling complex isolated from *Drosophila* extracts (data not shown). Figure 4.Addition of purified remodelling complexes stimulates RAG cutting on acetylated arrays. Acetylated (Acet) and non-acetylated (Non-Acet) arrays were used in RAG cutting assays either in the presence of *Drosophila* extract (Total), following sarkosyl stripping and purification on a G-25 spin column (Sarkosyl-stripped) or following addition of the purified remodelling complex, ACF, to sarkosyl-stripped material. The upper panel shows that an equivalent amount of DNA was used in each reaction. The lower panels show cutting at the 23- and 12-RSS, respectively. Similar results to those with ACF were obtained when CHRAC and ISWI were added to the stripped chromatin templates (data not shown and Supplementary Figure 4). The fold increase in RAG cutting was normalized to the amount of DNA present and compares cutting on acetylated and non-acetylated chromatin under the conditions indicated. The similar level of RAG cutting on stripped acetylated and non-acetylated templates in the absence of remodelling complexes (middle lanes) confirms that the RSSs are equivalently protected on the two templates. In this experiment, ACF does not enhance cutting on acetylated chromatin to the same level as in the total extract; this could be due to the presence of insufficient ACF since in other cases we could recapitulate the same fold increase as seen in the total extract (e.g. [Figure 7](#F7){ref-type="fig"}B). The slower mobility PCR products detected for 12-RSS cutting are lost upon cleavage with a restriction enzyme that cuts within the non-conserved spacer of the 12-RSS (data not shown). Since the sizes of these slower mobility products correspond to those predicted for cleavage at the 23-RSS, we suggest that they are due to RAG cutting at the 23-RSS.

Next, we tested if addition of these same nucleosome remodelling complexes can recapitulate the increased RAG cutting observed on acetylated templates. To this end, chromatin templates were prepared as for [Figure 2](#F2){ref-type="fig"} and remodelling complexes and other chromatin-bound proteins were removed via sarkosyl stripping. Following purification of the chromatin on a spin column, the RAG cutting assay was performed either with or without addition of purified remodelling complexes. Similar to our observation in [Figure 2](#F2){ref-type="fig"}, control experiments show an increase in RAG cutting on the acetylated compared to the non-acetylated templates in the presence of *Drosophila* extract. This increased cutting is lost following sarkosyl stripping, confirming that acetylation does not notably enhance RAG cutting alone. However, addition of the purified ISWI containing remodelling complex, ACF, to the sarkosyl-stripped templates, markedly enhanced RAG cutting on the acetylated arrays ([Figure 4](#F4){ref-type="fig"}). Similar increased RAG cutting on the acetylated chromatin was observed upon addition of the remodelling complex CHRAC or its catalytic subunit ISWI (data not shown and Supplementary Figure 4). These data are therefore consistent with the idea that acetylation enhances the ability of nucleosome remodelling complexes to remodel nucleosomes at RSSs, which then allows increased RAG cutting.

Acetylation enhances accessibility to nucleosome remodelling complexes
----------------------------------------------------------------------

We next wanted to investigate how remodelling activity is specifically increased on the acetylated chromatin. Three main possibilities exist: Firstly, acetylation might increase the accessibility to the remodelling complexes; the increase in RAG cutting would then be due to remodelling complexes gaining access to, and remodelling, more templates. Alternatively, (or additionally) acetylation might increase the activity of remodelling complexes once they have gained access to the chromatin template. Thirdly, the ACF1 subunit of ACF and CHRAC has a bromodomain ([@B26]) which might facilitate binding and/or retention of the remodelling complex to acetylated chromatin once it has gained access, thereby increasing its local concentration and the probability of nucleosome remodelling.

To begin to differentiate these possibilities, we performed a time course of digestion with the restriction enzyme, Pvu I. This enzyme has a number of sites throughout the plasmid and thus can be used as a probe to determine how many of these sites are accessible. As can be seen in [Figure 5](#F5){ref-type="fig"}, cutting by Pvu I is substantially increased on the acetylated compared to the non-acetylated arrays (left panel). Cutting by restriction enzymes has previously been used as an assay for nucleosome remodelling activity \[reviewed in ([@B2])\] and the observed cutting by Pvu I reflects both the number of its sites that were initially not covered by a nucleosome plus those that become available due to nucleosome mobilization during the reaction. To determine the number of these Pvu I sites that are accessible on the chromatin templates without remodelling, we inhibited ATP-dependent nucleosome remodelling activity by addition of apyrase. Now, although total cutting is reduced, digestion of the acetylated chromatin remains markedly higher than the non-acetylated template ([Figure 5](#F5){ref-type="fig"}, right panel). Similarly, inhibition of remodelling activity by addition of a 5-fold excess of non-hydrolysable AMP-PNP resulted in higher cutting on the acetylated compared to the non-acetylated templates (data not shown). Together, these data indicate that acetylation increases the accessibility of these chromatin templates; previous studies using DNase I as the probe for accessibility showed similar increased accessibility for acetylated chromatin ([@B11]). Figure 5.Increased accessibility of acetylated arrays. Time course of Pvu I digestion on acetylated (Acet) and non-acetylated (Non-Acet) arrays. The percent parental band cut was calculated following quantification with a phosphorimager. The increased cutting on acetylated arrays was observed in seven independent experiments and with three different preparations of (normalized) acetylated and non-acetylated histones. The right panels show Pvu I cutting when most ATP-dependent nucleosome remodelling complex activity was inhibited by removal of ATP with apyrase. Similar experiments in which remodelling activity is inhibited by addition of a large excess of AMP-PNP also showed increased Pvu I digestion on the acetylated chromatin (data not shown). We suggest that the difference in the level of accessibility between acetylated and non-acetylated chromatin measured here is less than the observed difference in the level of RAG cutting because Pvu I (28 kDa) is much smaller than ACF (600 kDa). Therefore, Pvu I would be expected to access compacted non-acetylated chromatin more readily thereby resulting in a smaller difference in cutting compared to acetylated chromatin.

We next wished to determine whether acetylation additionally increases the ability of remodelling complexes to mobilize nucleosomes once they have gained access to the templates. Previous studies showed that acetylation of histone H4 peptide substrates at K12 and K16 actually decreases ATPase activity ([@B32],[@B33]). To investigate if the hyper-acetylated histones used here cause a direct effect on remodelling activity, we titrated increasing amounts of remodelling factor and compared the degree of mobilization of acetylated and non-acetylated mono-nucleosomes. This showed that acetylation had no significant effect on the ability of ACF to mobilize mono-nucleosomes ([Figure 6](#F6){ref-type="fig"}). Similar results were obtained with the catalytic subunit, ISWI (Supplementary Figure 3). Furthermore, we find that once the nucleosome has been mobilized off the RSS, RAG cutting is increased similarly on acetylated and non-acetylated nucleosomes (Supplementary Figure 3). Figure 6.Acetylation does not increase sliding on mono-nucleosomes by ACF or ISWI. Sliding assay using mono-nucleosomes reconstituted with acetylated and non-acetylated histones onto a 12-RSS fragment from MAB5. Increasing amounts of ACF are indicated above the gel. ISWI also caused equivalent mobilization of acetylated and non-acetylated nucleosomes (Supplementary Figure 3). Figure 7.Binding and remodelling by wild-type ACF and ACF bromodomain mutant complexes on acetylated and non-acetylated chromatin (**A**) The ACF1 bromodomain causes only a slight increase in binding of ACF to acetylated chromatin. Chromatin templates were assembled with acetylated (Acet) or non-acetylated (Non-acet) histones, bound by ACF complexes containing wild-type ACF1 or ACF1 bromodomain mutant, followed by washes with increasing concentrations of salt. Western blotting shows the amount of the ISWI subunit that remained bound. As a control, the gel was Coomassie stained; this showed that the chromatin was equivalently assembled (data not shown). (**B**) RAG cutting is enhanced on acetylated chromatin by the ACF bromodomain mutant complex. Acetylated (Acet) and non-acetylated (Non-Acet) chromatin was assembled, sarkosyl-stripped and purified on a G-25 column prior to addition of ACF complexes containing wild-type ACF1 or ACF1 bromodomain mutant as indicated. Equivalent amounts of remodelling complex, determined by protein amounts, were added (+); addition of 2.5-fold ACF bromodomain mutant is indicated (+++). The upper panel shows that an equivalent amount of DNA was used in each reaction. The lower panels show cutting at the 23- and 12-RSS, respectively.

Next, to determine whether acetylation influences the off-rate/retention of remodelling complexes once they have gained access to their nucleosome templates, we bound purified ACF complex to acetylated and non-acetylated chromatin and then challenged this binding with salt washes of increasing stringency. Western analysis showed binding of ACF to acetylated chromatin is marginally increased compared to non-acetylated chromatin ([Figure 7](#F7){ref-type="fig"}A, left side). This could be due to the increased accessibility of the acetylated chromatin; however, the ACF1 subunit has a bromodomain ([@B26]) and it seemed possible that this might affect the retention of the ACF complex via acetylated histone tails. We therefore performed the same experiment but used ACF1 where the bromodomain had been mutated ([@B26]). This time, no difference in off-rate is observed ([Figure 7](#F7){ref-type="fig"}A, right side). To investigate if the marginal difference in binding of ACF to acetylated chromatin contributes to the increased remodelling, we performed a RAG cutting assay. As observed previously, addition of wild-type ACF complex stimulated RAG cutting on acetylated chromatin by more than 3-fold ([Figure 7](#F7){ref-type="fig"}B). Mutation of the bromodomain eliminated this increase. However, upon addition of 2.5-fold higher amounts of ACF1 mutant-containing complex, enhanced RAG cutting on acetylated chromatin was again observed ([Figure 7](#F7){ref-type="fig"}B, far right panel). Likewise, addition of the ISWI catalytic subunit, that lacks a bromodomain, also resulted in increased RAG cutting on acetylated chromatin (Supplementary Figure 4). Together, these data suggest that the more open structure of acetylated chromatin alone is sufficient to target remodelling complexes. However, when the concentration of the remodelling complex is limiting, bromodomain/acetylated histone tail interactions can promote some retention of remodelling complexes and thus contribute to increased nucleosome remodelling.

Finally, it is possible that acetylation enhances remodelling activity in yet another way: C-terminally truncated HMGB1 was included in all RAG cutting reactions since it causes a marked increase in RAG cutting *in vitro*, primarily at 23-RSSs ([@B34]). Recently, this truncated form of HMGB1 was also found to inhibit nucleosome mobilization by ACF by binding tightly to nucleosomal DNA ([@B35]). It therefore seemed possible that acetylation might alter the binding of truncated HMGB1 to nucleosomes. Indeed, if acetylation inhibited binding of truncated HMGB1 then this might lead to increased remodelling and thus RAG cutting specifically on the acetylated templates. However, as can be seen in [Figure 8](#F8){ref-type="fig"}, acetylation makes no difference whatsoever to the binding of HMGB1 to mono-nucleosomes nor to its binding to nucleosome arrays (Supplementary Figure 5). Together, these data therefore support the hypothesis that a prime mechanism by which acetylation increases remodelling complex activity is by increasing their accessibility to chromatin templates. Figure 8.Binding of HMGB1 to purified acetylated and non-acetylated nucleosomes. Nucleosomes were assembled on the MAB5 fragment. One specific HMGB1/nucleosome complex is detected at the lowest concentration of added HMGB1. Addition of more HMGB1 results in non-specific binding. The dash indicates nucleosome without any added HMGB1.

DISCUSSION
==========

V(D)J recombination involves the introduction of double-strand breaks into genomic DNA; such a process needs to be stringently regulated. Consistent with this, a number of levels of chromatin packaging contribute to the regulation. The mono-nucleosome imparts one level of protection. However, for the nucleosome-mediated repression to influence the initiation of recombination, the agent that mediates nucleosome remodelling needs to be regulated in the correct cell- and stage-specific manner. We describe here one way in which histone acetylation could contribute to this regulation, namely by modulating the accessibility of nucleosome remodelling complexes. Once the remodellers have been targeted they can, in turn, cause mobilization of nucleosomes off the RSSs to allow RAG cutting. We further suggest that similar regulation remodelling complex accessibility could contribute to their recruitment to acetylated, transcriptionally active domains.

Our data suggest that the ACF1 bromodomain/histone tail interaction does not make a major contribution to the binding and increased nucleosome remodelling by the ACF complex on acetylated chromatin. In contrast to tandem bromodomains, single bromodomain/acetylated histone tail interactions are weak \[300--900 μM for GCN5 ([@B36])\]. Indeed, interaction between the WSTF bromodomain and acetylated histone tails alone was not sufficient to tether the remodelling complex WINAC at promoters ([@B9]). This suggests that it is unlikely that the single bromodomain in ACF1 can independently target the ACF remodelling complex in the nucleus. Consistent with this, we find that addition of just 2.5-fold higher amounts of ACF bromodomain mutant overcomes the requirement for the bromodomain ([Figure 7](#F7){ref-type="fig"}B). Likewise, addition of the catalytic subunit, ISWI, results in increased cutting on acetylated chromatin. Therefore, it seems that the more open structure of acetylated chromatin alone is sufficient to target remodelling complexes and the extent to which the bromodomain/acetylated histone tail interaction contributes to this targeting *in vivo* will depend on the physiological concentration of remodelling complexes.

A number of properties of acetylated chromatin could modulate the accessibility to remodelling complexes. Firstly, acetylation is known to reduce compaction of the 30 nm fibre. Trypsinization studies showed that the histone tails play a key role in this compaction \[reviewed in ([@B37])\]; acetylation of histone tails reduces but does not abolish this compaction as determined by altered sedimentation velocity and electron microscopy ([@B10],[@B12]). Secondly, acetylated chromatin displays increased thermal untwisting. Indeed, acetylated nucleosomes constrain only about half the amount of DNA compared to non-acetylated nucleosomes ([@B11]). Since DNA at the entry/exit points loses contact with the histone octamer first in thermal denaturation experiments ([@B38]), and since the ends of acetylated nucleosomes are more accessible to DNase I ([@B39]), it has been proposed that DNA at the nucleosome entry/exit points will be more accessible in acetylated chromatin ([@B11]). ISWI binds DNA in the linker region close to nucleosomes ([@B40]). Therefore, it seems likely that the increased accessibility of these regions contributes to enhanced ISWI-dependent nucleosome remodelling.

A third means to increase the accessibility of acetylated chromatin is if proteins differentially associate with acetylated and non-acetylated chromatin. *In vitro*, these effects seem to be small: Removal of chromatin-associated proteins by sarkosyl-stripping demonstrated that the acetylated chromatin remains significantly more accessible than the non-acetylated (M.B., unpublished data). *In vivo*, however, the binding of chromatin-associated proteins is likely to enhance the difference in accessibility between the acetylated and non-acetylated arrays. Indeed, since histone H3 lysine 9 can be modified by either acetylation or methylation and since methylated H3 lysine 9 is a high affinity binding site for heterochromatin protein 1 ([@B41],[@B42]), methylation will lead to the formation of a repressed chromatin structure; acetylation will reverse this effect.

There is a strong correlation between increased histone acetylation and the initiation of V(D)J recombination ([@B22],[@B23],[@B43]). Since nucleosomes need to be remodelled in a stochastic, locus-wide manner for the initiation of recombination, a plausible hypothesis is that the more accessible chromatin structure generated by histone acetylation facilitates the targeting of nucleosome remodelling complexes *in vivo* during V(D)J recombination. Consistent with this idea, subunits of remodelling complexes have been found to coincide with increased histone H3 acetylation throughout recombining loci. Indeed, the presence of the SWI/SNF ATPase, BRG1, correlated with increased histone H3 acetylation at two independent loci (the murine immunoglobulin heavy chain and the TCR-β locus), in cells where these loci are undergoing recombination ([@B44]). Recent studies have suggested yet a further signal that might contribute to the targeting of remodelling complexes: The PHD finger in the remodelling complex, NURF, as well as in the repressor ING2, interacts with histone H3 that is trimethylated at lysine 4 (H3K4me3) ([@B5]). Since acetylation and H3K4me3 occur on the same molecule of histone H3 ([@B45]), it is possible that these two modifications reinforce each other in targeting remodelling complexes although, it should be pointed out that to date, H3K4me3 has only been reported at the boundaries of domains undergoing V(D)J recombination ([@B44]).

As well as targeting remodelling complexes, these modifications also potentially target RAG proteins: The RAG2 C-terminal domain was found to interact with free histones that are modified in various ways, including acetylation and H3K4me2 ([@B46]). Whilst this might help to stimulate RAG cutting *in vivo* on acetylated chromatin, it is unlikely to have any effect in our *in vitro* assay since we used truncated RAG2 that lacks the C-terminal domain. Moreover, it should be pointed out that since RAG proteins are incapable of forming double-strand breaks at the RSS when it is constrained by a nucleosome ([@B16; @B17; @B18]), correct targeting of remodelling complexes is also needed for recombination to occur.

Increased locus-wide acetylation is not only associated with recombining loci but also with transcriptionally active domains ([@B47]). A reasonable possibility, therefore, is that the more open structure associated with domain-wide acetylation *in vivo* ([@B10; @B11; @B12]) directs the remodelling complex to the appropriate chromatin region. More precise recruitment of the remodelling complex to promoter elements might then be mediated either by transcription factors associated with the remodelling complex ([@B3]) or by a specific histone code of promoter nucleosome (5--7). Interestingly, using integrated mini-gene V(D)J recombination templates, it was found that a promoter proximal to the recombining RSS is required to obtain efficient RAG cutting ([@B48]). Since the orientation of the promoter was irrelevant to the enhanced recombination, a plausible scenario is that promoters help direct remodelling complex activity once accessibility has been gained to the acetylated locus.

The ability of histone acetylation to target remodelling complex activity requires that histone hyper-acetylation precedes remodeller recruitment. During gene activation, temporal studies have shown that at some promoters this is indeed the case ([@B49],[@B50]). At the yeast HO promoter, however, SWI/SNF is present prior to recruitment of Gcn5 acetyltransferase ([@B51]). In this case, it seems likely that association of SWI/SNF with the activator, Swi5, provides an alternative means of directing the remodelling complex to the promoter ([@B4]).

One previous report suggested that histone acetylation synergizes with SWI/SNF to enhance RAG cutting on mono-nucleosomes ([@B20]). However, two other studies found no effect of acetylation on RAG cutting on mono-nucleosomes ([@B16],[@B18]). Furthermore, acetylation of histone tail peptides was found to have either no effect on remodelling activity ([@B52]) or to actually inhibit ATPase activity ([@B32],[@B33]). A possible reason for the differences with the study by Kwon *et al.* ([@B20]) might stem from mechanistic differences in remodelling by SWI/SNF and ISWI-containing complexes: Indeed, the histone tails appear to have distinct roles in remodelling by these two classes of complexes ([@B53]). More recent studies from the Oettinger group now report that acetylation does not affect remodelling complex activity even on nucleosome arrays ([@B21]). We suggest these latest differences might be due to the degree of chromatin assembly: In the Oettinger study, chromatin was assembled using 5S rDNA nucleosome positioning sequences and assembly was checked using a restriction enzyme that examines nucleosome assembly at only one site in the array of 12 nucleosomes. Therefore, it seems possible that other regions of the array might not be uniformly assembled. In our case, *Drosophila* extracts were used to assemble physiologically spaced chromatin and in all cases we checked that assembly of acetylated and non-acetylated chromatin was identical ([Figure 1](#F1){ref-type="fig"}). We therefore suggest that our data are consistent with the idea that acetylation enhances remodelling complex activity by increasing their accessibility to nucleosome arrays and that this is a new way in which acetylation and remodelling complexes synergize to enhance locus activity.

Taken together, these data begin to build a picture of how the different levels of chromatin packaging cooperate to generate an active chromatin structure. Understanding how the acetylation is targeted to specific regions of recombining loci is a key question for future studies.
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